Abstract In this paper, a hypothesis was assessed whether or not the intoxication with copper and supplementation with copper plus resveratrol would result in changes in the activities of catalase and glutathione peroxidase and moreover if the characteristic changes would appear in concentrations of copper, iron, calcium, magnesium, and zinc in the serum of rats with chemically induced carcinogenesis. Female SpragueDawley rats were divided into study groups which, apart from the standard diet, were treated with copper (42.6 mg Cu/kg food as CuSO 4 ·5H 2 O) or copper plus resveratrol (0.2 mg/kg body) via gavage for a period from 40 days until 20 weeks of age. In cancer groups, the rats were treated with a dose of 80 mg/body weight of 7,12-dimethyl-1,2-benz[a]anthracene (DMBA) given in rapeseed oil at 50 and 80 days of age to induce mammary carcinogenesis. The control groups included the rats kept in the same conditions and fed with the same diet as the animals from the study groups, but not DMBA-treated. The activity of catalase significantly decreased in groups of rats with mammary carcinogenesis that were supplemented with copper (p <0.05) or copper plus resveratrol (p <0.001) in comparison with the control groups that received the same diets. In cancer groups of nonsupplemented rats, the increase of glutathione peroxidase activity was observed. The process of carcinogenesis and the applied supplementation significantly altered the concentrations of trace elements in serum, in particular as concerns iron and copper. The mean serum iron levels in rats with breast cancer were significantly lower than those in the control groups (p <0.001). The mean serum copper levels significantly decreased in the groups of rats with mammary carcinogenesis that were supplemented with copper or copper plus resveratrol in comparison with the control groups that received the same diets (p <0.001). The characteristic changes in iron content and the zinc/copper and zinc/ iron ratios in blood may be used as one of the prognostic factors in breast cancer research.
Introduction
Copper intoxication and supplementation with a carcinogen are both the factors that can induce oxidative stress in living organisms thus leading to an increased concentration of reactive oxygen species (ROS) which have a destructive effect on cells [1] . Inactivation of ROS can be carried out by antioxidative enzymes [2] [3] [4] [5] . The enzymatic antioxidants include superoxide dismutase, catalase, and glutathione peroxidase. Hydrogen peroxide formed by the catalytic reaction of superoxide dismutase is both a reactive form of oxygen and a normal cellular metabolite, and it is further detoxified to water by glutathione peroxidase and catalase [6] . Elements have been shown to exert protective effects against cancer-induced oxidative stress injury by acting as cofactors for several enzyme antioxidant systems [7] . For example, iron and selenium are essential trace elements for humans and are cofactors for catalase and glutathione peroxidase, respectively. Copper is generally considered as a pro-oxidant metal which participates in Fenton-like reactions. One of the mechanisms of the precancerous copper activity involves its ability to produce a strongly reactive hydroxyl radical responsible for oxidative damage to DNA strands and also peroxidation of cell membrane lipids [8, 9] . However, in the case of the already existing neoplastic process, the oxidative properties of copper can be directed against cancer cells. During the last few decades, numerous investigations have shown that neoplastic cells, as compared with healthy cells, are characterized by a much higher level of oxidative stress, which is probably the result of their increased metabolism, the presence of mitochondrial mutations, numerous cytokines, and inflammatory disease. However, the equilibrium between the number of ROS and the decreased number of antioxidants is not so much disturbed as to cause their death by apoptosis or necrosis. The investigations however resulted in further attempts at developing another strategy in cancer therapies, based on increasing the ROS level, which would kill the neoplastic cells without affecting the healthy cells, as it is assumed that the healthy cells probably possess a satisfactory number of antioxidants to protect the body against the excessive amount of ROS [9] . As is well known, resveratrol can induce the apoptosis of cancer cells, inhibiting their invasion by affecting a number of various factors, including slowing down tumor angiogenesis [10] [11] [12] . Resveratrol can also exhibit antioxidative activity and can function as a certain "prooxidizer," particularly in the presence of copper ions (reduction of Cu 2+ ions to Cu + ions stimulates the production of free radicals [13, 14] ). In this case, both the increased oxidative stress and the higher copper level may pertain to a selective treatment of the neoplastic disease.
However, generally, it can be said that because of different dietary habits in patients, it is rather difficult to correlate the changes in mineral levels in serum with the already existing cancer process. Whereas in the animal model, while making use of the selective pro-cancer potential of DMBA as inducing mammary carcinogenesis, it is possible to investigate the effect of the neoplastic disease and selected diet on such parameters as the activity of antioxidative enzymes or the concentration of selected minerals in the serum.
Materials and Methods

Animals
The female Sprague-Dawley rats of body mass ±210 g were kept in constant, controlled conditions (temperature 22±1°C, with a 12-h day/night cycle) with free access to water and laboratory food Labofeed H (produced by Morawski, Kcynia, Poland). The investigations obtained ethical approval from the Ethics Committee at Warsaw Medical University.
Groups
The rats were divided into a study group (n =26) and a control group (n = 19). To induce mammary tumorigenesis, the animals from the study group were administered 7,12-dimethyl-1,2-benz[a ]anthracene (DMBA; Sigma-Aldrich, St. Louis, MO, USA) via gavage in rapeseed oil at a dose of 80 mg/kg body weight at 50 and 80 days of age. The control groups included the rats kept in the same conditions and fed with the same diet as the animals from the study groups, but not DMBA-treated. The following diets were used: The rats were fed with the above diets from 40 days until 20 weeks of age (sacrifice time by decapitation). The dose level of resveratrol was selected based on the average daily polyphenol consumption by consumers (15 mg/day) [15] (extrapolating to the rat's body weight). The dose of copper was established as the double content of this mineral in the food Labofeed H [16] . In order to obtain samples for investigations, the rats were sacrificed by decapitation on 20 week of age.
Blood Collection and Preparation
In the investigations, we used the serum of rats, obtained as a result of centrifugation of whole blood collected from the rats (2500 rpm for 15 min). The serum samples were stored in a deep freezer at −80°C until performing the investigations. Before the determinations, the serum was thawed and then again centrifuged at 2500 rpm for 15 min.
Catalase activity in the serum of rats was determined by the test Catalase Assay Kit by Cayman. Determinations of peroxidase activity were performed using the test Glutathione Peroxidase Assay Kit Chemical Company.
Cayman's catalase assay (Cayman Chemical Company Ann Arbor, MI 48108) utilizes the peroxidatic function of catalase for the determination of enzyme activity. The method is based on the reaction of the enzyme with methanol in the presence of an optimal concentration of hydrogen peroxide. The formaldehyde produced is measured colorimetrically with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (purpald) as the chromogen. Purpald specifically forms a bicyclic heterocycle with aldehydes, which upon oxidation changes its color from colorless to purple (the absorbance at 540 nm).
Cayman's Glutathione Peroxidase Assay (Cayman Chemical Company Ann Arbor, MI 48108) measures glutathione peroxidase activity indirectly by a coupled reaction with glutathione reductase (GR). The oxidized glutathione (GSSG), produced upon the reduction of hydroperoxide by glutathione peroxidase, is recycled to its reduced state by GR and NADPH. The oxidation of NADPH to NADP + is accompanied by a decrease in absorbance at 340 nm. In conditions in which the glutathione peroxidase activity is rate limiting, the rate of decrease in absorbance is directly proportional to the glutathione peroxidase activity in the sample.
For determinations of the catalase and peroxidase activities, a Bio-Tek Instruments spectrophotometer, JNC, Highland Park, Box 998, Winooski UT 05404 -0998, USA, was used.
Element Analyses
The determination of calcium, magnesium, zinc, and iron was carried out in serum samples by air-acetylene flame atomic absorption spectrometer (PU-9100). Before the mineral determinations, the serum was thawed and then centrifuged at 2500 rpm for 15 min. For the determination of minerals, serum samples of about 0.5 mL each were diluted with deionized water in the proportion 1:10 for Zn, Cu, and Fe and 1:70 for Ca and Mg. Standard solutions of Ca, Mg, Fe, Zn, and Cu were prepared from their standard solutions (1000 mg/L in water) from the Central Office of Measures, Warsaw, Poland).
Recovery and Detection Limit
The intralaboratory quality control of determination was based on the following certified reference material (percent of recovery for a given element and relative standard deviation (RSD). 
Statistical Analysis
Statistical calculations were carried out using the Microsoft Excel program. The results are expressed as means±standard deviations and compared by the Student's t test. In order to verify the results that aroused some doubts, Dixon's test was used. The statistical significance for the difference between the study and control groups was accepted at p <0.05.
Results
The results showed that catalase activity significantly decreased in cancer groups (DMBA+) supplemented both with copper only (13.9 μmol/min/mL vs 16.1 μmol/min/mL; p <0.05) and with copper plus resveratrol (5.53 μmol/min/mL vs 11.1 μmol/min/ mL; p <0001) in comparison with the control groups (DMBA−) that received the same diets ( Fig. 1) . No changes in catalase activity were observed in the case of unsupplemented rats, fed with only a standard diet. In this group however, an increase in glutathione peroxidase activity was observed (0.90 nmol/min/ mL vs 0.75 nmol/min/mL; p <0.05; Fig. 1 ).
The process of carcinogenesis and the applied supplementation significantly altered the concentrations of trace elements in serum, in particular as concerns the iron and copper. The mean serum iron levels in all rats with breast cancer were significantly lower than those in the control groups (p <0.001). The mean serum copper levels significantly decreased in groups of rats with mammary carcinogenesis that were supplemented with copper or copper plus resveratrol in comparison with the control groups that received the same diets (p <0.001).
In the group of rats fed with a standard diet and supplemented with copper, an increase of calcium concentration was found (p <0.02 and p <0.05).
Most changes in the levels of the examined minerals were observed in the serum of rats which were supplemented with copper plus resveratrol ( Table 1 ). In addition, in that group, there occurred a decrease in the magnesium (p <0.001) and zinc content (p <0.001) in comparison with the animals without induced mammary carcinogenesis (Table 1) .
Moreover, the zinc/copper ratio significantly decreased in the copper-supplemented groups (0.53 vs 1.25; p <0.001) and in the group supplemented with copper plus resveratrol (0.70 vs 4.54; p <0.001) in comparison with the respective control groups fed with the same diets (Fig. 2) .
The zinc/iron ratio significantly increased in all cancer groups in comparison with the respective control groups that obtained the same diets (Fig. 2) . Thus in the group of rats fed with a standard diet, the zinc/copper ratio was 0.46 vs 0.27 (p <0.001); in the copper-supplemented group, 0.47 vs 0.36 (p < 0.05); and in the group supplemented with copper plus resveratrol, 0.47 vs 0.31 (p <0.001).
Discussion
In this article, three main problems were discussed. First of all, we wanted to find the answer to the question if the advanced neoplastic process affects the activities of antioxidative enzymes catalase and glutathione peroxidase in the serum of rats. Secondly, we wanted to find out if in the case of rats with mammary carcinoma, an additional diet supplementation with copper in the form of its aqueous solution CuSO4·5H2O and also supplementation with copper plus resveratrol would cause any changes in the activity of the examined enzymes as compared with rats with no induced cancer. The third problem was focused on answering the question of whether or not a protracted neoplastic disease results in characteristic changes in the concentration and proportions of the examined minerals in the blood, which could become one of the prognostic factors of mammary carcinoma.
As concerns the first of the problems examined, during 14 days of studies, it was found that the catalase enzymatic activity was significantly lowered, especially in the group of rats that were supplemented with copper plus resveratrol, whereas it remained unchanged in the case of rats fed with a standard diet only (Fig. 1) . Thus it seems that at 20 weeks of age for the rats in which the first mammary tumors were observed already during 14 weeks of age (data from earlier publications) [17, 18] , the applied diet could be considered as the main factor responsible for the decrease of catalase activity.
DMBA exhibits selective cancer-inducing activity, in particular inducing mammary carcinoma; that is why, it is used as a standard carcinogen in investigations on this kind of cancer [19] . The mammary gland undergoes intensive functional and morphological series of changes as it develops. Barros et al. [19] found that the rats which were DMBA-treated when they started puberty (between 45 and 60 days of life) were most prone to develop mammary carcinoma. Then the mammary gland grows rapidly, and there occurs a high proliferation of types 1 and 2 lobules which are characterized by the highest DNA labeling index [19] . The DMBA-induced neoplastic process is based on many mechanisms. Firstly, carcinogenesis is induced by forming adducts of active metabolites from DNA; secondly, by generating the state of oxidative stress which is expressed by a decrease of the level of antioxidative (n) test number Table 1 The mineral content in the serum of the examined rats with mammary cancer as compared with the control rats fed with the same diet enzymes, such as catalase, superoxide dismutase, and glutathione peroxidase; furthermore, by blocking the liberation from the intestine of glutathione, an important antioxidant; or else by decreasing the activity of natural killer (NK) cells [20, 21] . In a number of papers, the authors emphasize an enormous negative effect of DMBA on the rat genome, which occurs after administering even a single oral dose [19] [20] [21] . In our investigations in the group of rats fed with only a standard diet, there was no significant decrease of catalase activity (Fig. 1) . However, as a result of the supplementation with copper or copper plus resveratrol, a decrease of catalase activity was observed and moreover the first palpable tumors appeared a week earlier than in the rats fed with a standard diet (data included in our earlier publication) [18] . On the basis of the observed results, it can be supposed that there occurred a synergistic carcinogenic activity of DMBA and copper ions. Although copper is a required element in the body, high concentrations appear to be toxic to organisms. The copper supplementation used in our investigations, exceeding twice the amount of this mineral in the fodder, did not cause any loss of appetite or loss of body weight in rats; moreover, in the group receiving copper plus resveratrol, this contributed to a considerable increase of body weight (data included in previous publications) (17, 18) . Irrespectively of the applied diet, the effectiveness of cancer induction by DMBA was 100 % [17, 18] . The excess of copper ions can cause the oxidation of biologically important cell structures and, for instance, break the single DNA threads (even 50 times more rapidly than it is in the case of iron), or result in the rupture of the inner mitochondrial membrane (the loss of ATP cell supplies). It can also damage the cell membrane phospholipids during the peroxidation process [9, 14] . As shown in our previous paper [22] , the animals receiving the diet supplemented with copper or copper plus resveratrol had a significantly higher amount of 8-isoPGF 2α in urine compared with animals receiving a standard diet. This implies a pro-oxidant effect of copper. Additionally, the copper has the ability of tumor angiogenesis, by activating a number of growth factors. And finally, it is worth mentioning once again that resveratrol in combination with copper can exhibit a pro-oxidative activity, as it was shown in the case of D -penicillamine which exhibits cytotoxic characteristics in the presence of copper [23] . The increase of the level of ROS can lead to effective destruction of cancer cells [23] . Thus the application of a factor stimulating the formation of ROS increases the oxidative stress in the cells to such a level that they undergo apoptosis. In this work, the application of copper in combination with resveratrol, on the one hand combining the toxic excess of copper, and on the other generating the excess of reactive oxygen species in the neoplastic cells, was going to cause apoptosis of cancer cells. However, both the number of tumors and the rate of their appearance were similar to those found in the group of rats supplemented with copper only [18] . In addition, in this group, there occurred a 50 % decrease of catalase activity in comparison with the control group (Fig. 1) . This means that in our experimental model, the use of resveratrol, a compound of well-known antioxidative and anticancer activities, and also of potential pro-oxidative activity in the presence of copper, did not have a positive, protective effect against cancer. It seems thus that the applied combined supplementation of copper with resveratrol does not meet expectations, even though the oral supply of resveratrol described in our earlier investigations significantly delayed (by 3 weeks) the appearance of mammary tumors, and also resulted in a decrease of their number and size [24] . The decrease of catalase activity, as observed in the present work, is characteristic of many diseases, including neoplastic 
(9) (7) (6) (7) (6) (10) (7) diseases [25] [26] [27] . Many works report that copper inhibited the catalase activity and suggest that this inhibition is due to the deterioration of its enzymatic structure by reactive oxygen species mediated by copper or due to copper interference with their thiol groups [28, 29] . During the last few years, there have been numerous attempts to characterize the chemopreventive and therapeutic potential of resveratrol. In order to determine the mechanism of activity of this compound, a lot of investigations were carried out on cell cultures of human neoplasms of various types [11] [12] [13] [14] . In many works, it was found that resveratrol is able to induce apoptosis and to slow down the invasion and angiogenesis of neoplastic cells by different mechanisms. Besides, resveratrol also exhibits structural similarity to the estrogens normally appearing in the human body. A lot of investigations were performed to estimate the potential of resveratrol as concerns its hormonal effects. However, so far no unanimous data have been obtained on the subject. It was shown that resveratrol can exhibit both estrogenic and antiestrogenic effects. Some of the authors suggest that it can have a weak estrogenic activity in the case of the lack of natural hormones, whereas in the presence of natural hormones, the compound has the antagonistic activity [11] . It also seems that the character of the resveratrol effect on the organism varies and is dependent on the age of patients when resveratrol supplementation was introduced. Another problem examined in our experimental model concerned the concentrations of fundamental trace elements in the serum of rats. The obtained results show that copper concentration in the serum of rats significantly increased, but only in groups supplemented with this mineral (Table 1) . No differences found in the copper level in the serum of rats fed with a standard diet could indicate that the neoplastic process does not affect the copper content. However, the literature data show an increase of copper concentration in the serum of cancer patients, including mammary cancer [14, 30] . Köksoy et al. [30] suggest that the increased copper concentration was most probably due to a release of copper from the cells undergoing necrosis, as a result of inflammatory condition. In addition, those scientists point out to the lowering of copper concentration in the erythrocytes of women suffering from breast cancer. Also, the ceruloplasmin level is increased in many types of cancer, such as leukemia, breast cancer, or gastrointestinal cancer [14] . In healthy cells, copper is located in the cytoplasm, whereas in neoplastic cells, it is mainly located in the intranuclear and perinuclear regions [9] . In addition, copper plays an important role in the process of angiogenesis of neoplastic cells. It is also considered that neoplastic cells may have a tendency to accumulate copper, which even more stimulates angiogenesis [9] .
Further investigations showed another interesting phenomenon not connected with the diet, but possibly related to the chemically induced mammary cancer, i.e., the decrease of iron level in the serum (Table 1) . One of the aims of the mechanisms regulating homeostasis is to maintain constant the concentrations of trace elements in blood, so considerable iron losses are undoubtedly related to picking it up by other tissues. In our previous investigations [17, 31] , we found that the mammary tumor cells were characterized by an increase of iron content by 120-180 % in comparison with iron concentration in healthy cells. Cancer cells undergo intensive cell division and need a considerable amount of iron for their development. In the case of breast cancer, the neoplastic cells have 5 to 15-fold more transferrin receptors (TfR1) than the cells of healthy mammary gland, which favors the uptake of higher amounts of iron. Another type of transferrin receptors was recently discovered, known as TfR2. They are present in many cancer cells and can additionally increase iron absorption [32] . In addition, it was found that the increased iron supply in the diet contributes to a more frequent occurrence of mammary carcinogenesis, induced by a carcinogen in rats, and also of kidney cancer, induced by estrogens in hamsters [33] . This element also initiates the process of carcinogenesis by creating oxidative stress and has a damaging effect on macrophages or an overexpression of IL-6 and IL-8-stimulating the tumor angiogenesis [32] . The iron taking part in the Fenton/Haber-Weiss reaction and due to autooxidation becomes the source of reactive oxygen radicals, in particular of the hydroxyl radical [33] . The investigations showed that the increased iron concentration results in the accumulation in the cells of the products of lipid peroxidation such as malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) [34] , which exhibit cytotoxic and mutagenic activities. They cause the oxidative damage of DNA threads, inactivation of many enzymes, and inhibition of DNA and protein synthesis. A biopsy carried out in order to perform the biochemical analysis is an invasive procedure; that is why, investigations were undertaken to determine the changes in iron content in the neoplastic tissue and in the serum. The results obtained did not show any existing correlation in this respect. In patients with anal carcinoma, an increased iron concentration was found, whereas in patients suffering from cancer of the larynx, the iron content was lower, in comparison with the control samples. In patients with oral cavity cancer, it was found that the iron content in the serum does not differ from biochemical standards [35, 36] . In the case of studies carried out on humans, different dietary habits, medicines, or food supplements can significantly affect the level of mineral components in the blood, irrespectively of the existing disease (at least at the beginning of the disease). The investigations performed on animals allow researchers to eliminate such accidental effects. On the basis of our studies, it can be said that the neoplastic process in the organism significantly decreases iron concentration in the serum, probably directing iron to the developing tumor.
Iron is an indispensable element for correct catalase activity, so the observed decrease of activity of this enzyme may be connected with the significant decrease of its amount in the blood (Fig. 1) .
Another element whose increased content was observed in the serum of rats from the examined groups (standard and coppersupplemented), as compared with the groups of rats that obtained the same diets but without DMBA, was calcium (Table 1) . A considerable increase of calcium concentration in the serum, i.e., hypercalcemia, is one of the most common electrolyte imbalances accompanying a neoplastic disease. This disorder occurs most frequently in patients suffering from myeloma and breast cancer (about 40 % patients). Hypercalcemia is due to the excretion of parathormon-related protein (PTHrP) and resorption of osseous tissue [37] . The increased calcium content was found in patients not only in the serum but also in a neoplastic tissue of breast tumors [38, 39] . The accumulation of large quantities of this element by the tissues of mammary cancer results in the appearance of numerous microcalcifications which are a characteristic feature of breast cancer, used in diagnostic mammography [37, 39] .
Interestingly, no increase in the calcium content was found in the group of rats supplemented with copper in combination with resveratrol, even though it was the group stimulating the majority of changes in mineral content in the serum of rats with mammary cancer, as compared with the rats whose diet was supplemented with minerals, but which obtained no carcinogen (Table 1) . Apart from the decrease of iron content and the increase of copper content, a significant decrease of magnesium content and a considerable decrease of zinc content were observed in the serum. The zinc/copper ratio in this study was found to be lower in supplementation groups as compared with the control group because of the significant increases of copper concentrations and decreased or unchanged zinc concentrations (Fig. 2) . The characteristic large decrease of the zinc/copper ratio in the serum of the examined rats from the supplementation groups is probably related to the altered metabolism of these elements during a neoplastic disease and to the applied diet (copper excess). Moreover, a major increase in zinc/iron ratio (Fig. 2) , which is characteristic of all groups of rats with induced cancer, irrespectively of the applied supplementation, resulted from the discussed earlier drastic decrease of iron content in the serum of the examined rats as compared with the control group. The fact of an altered ratio of elements in the blood of patients suffering from different types of cancer, including breast cancer, irrespectively of the diet, was also observed in other investigations [40, 41] .
Conclusions
Copper intoxication together with the existing neoplastic process accelerated the growth of tumors in rats, probably due to the inhibition of antioxidative defense in their bodies, which was revealed by a decrease of catalase activities in the serum of sick rats. The combination of copper supplementation plus resveratrol, having in mind its potential pro-oxidative activity toward mammary neoplastic cells, did not have a positive protective effect.
In the course of chronic mammary cancer, there occurred a significant decrease of iron content in the serum of rats. This, together with a simultaneous increase of zinc/iron ratio and a decrease of zinc/copper ratio in the serum, may prove to be useful as one of the prognostic factors in breast cancer diagnosis.
